Titanosauriformes was a globally distributed, long-lived clade of dinosaurs that contains both the largest and smallest known sauropods. These common and diverse megaherbivores evolved a suite of cranial and locomotory specializations perhaps related to their near-ubiquity in Mesozoic ecosystems. In an effort to understand the phylogenetic relationships of their early (Late Jurassic-Early Cretaceous) members, this paper presents a lower-level cladistic analysis of basal titanosauriforms in which 25 ingroup and three outgroup taxa were scored for 119 characters. Analysis of these characters resulted in the recovery of three main clades: Brachiosauridae, a cosmopolitan mix of Late Jurassic and Early Cretaceous sauropods, Euhelopodidae, a clade of mid-Cretaceous East Asian sauropods, and Titanosauria, a large Cretaceous clade made up of mostly Gondwanan genera. Several putative brachiosaurids were instead found to represent non-titanosauriforms or more derived taxa, and no support for a Laurasia-wide clade of titanosauriforms was found. This analysis establishes robust synapomorphies for many titanosauriform subclades. A re-evaluation of the phylogenetic affinities of fragmentary taxa based on these synapomorphies found no body fossil evidence for titanosaurs before the middle Cretaceous (Aptian), in contrast to previous reports of Middle and Late Jurassic forms. Purported titanosaur track-ways from the Middle Jurassic either indicate a substantial ghost lineage for the group or -more likely -represent non-titanosaurs. Titanosauriform palaeobiogeographical history is the result of several factors including differential extinction and dispersal. This study provides a foundation for future study of basal titanosauriform phylogeny and the origins of Titanosauria.
INTRODUCTION
Titanosauriformes is a large clade (c. 90 genera) of sauropod dinosaurs whose members were present and common in most Mesozoic ecosystems. The smallest, largest, geologically youngest, and most geographically widespread sauropods are titanosauriforms. Some genera are known from complete skeletons and ontogenetic series (e.g., Janensch, 1950; Curry Rogers, 2005) , but most named species are poorly known. In particular, skulls are exceedingly rare in Titanosauriformes, although recent discoveries have begun to remedy this problem (Curry Rogers, 2005; Chure et al., 2010; Zaher et al., 2011) . Despite the patchy nature of much of their fossil record, several evolutionary patterns are apparent in titanosauriform evolution, including a trend towards decreasing tooth size , development of a 'wide gauge' gait and concomitant appendicular specializations (Wilson & Carrano, 1999) The number of named titanosauriforms has dramatically increased in recent years ( Fig. 1) , as has the number of taxonomic revisions adding information about previously named genera (e.g. Wilson Titanosauriformes and its subclades are stable because they are defined by phylogenetic nomenclature (e.g. the sister clades Brachiosauridae and Somphospondyli; Table 1 ), but the content of and interrelationships within these clades vary substantially depending on the analysis. These analyses in turn are sensitive to taxon inclusion, and with the inclusion of characters outpaced by the inclusion of taxa, few topologies are repeatedly recovered amongst analyses with small changes in taxonomic or character content (e.g. Royo-Torres, 2009).
In the following contribution, I review previous cladistic analyses focusing on basal titanosauriforms in order to identify areas of agreement and conflict. I then present a lower-level cladistic analysis of 25 ingroup taxa using a combination of previously formulated and novel characters. I then explore the phylogenetic affinities of taxa represented by fragmentary specimens and comment on the palaeobiogeographical patterns revealed, with a focus on the origins of Titanosauria. Abbreviations for vertebral laminae and fossae follow Wilson (1999) and Wilson et al. (2011) , respectively. Anatomical nomenclature is 'Romerian,' following that traditionally applied to reptiles (Wilson, 2006) .
PREVIOUS CLADISTIC ANALYSES
'Basal' (non-titanosaur) titanosauriforms have been included in a number of cladistic analyses, including those investigating global sauropod relationships (e.g. Upchurch, Barrett & Dodson, 2004 ) and those specifically aimed at resolving the relationships of newly described basal titanosauriforms (e.g. Rose, 2007; Canudo, Royo-Torres & Cuenca-Bescós, 2008). The latter types of analyses employ largely unmodified versions of the data matrices of the two global phylogenetic analyses mentioned above, so their taxonomic and character scope (sensu Sereno, 2009 ) have been somewhat homogenous. One advantage of these analyses having a similar taxonomic scope is that their results are more comparable than they would be otherwise. However, the addition of new taxa to analyses has outpaced the addition of characters and thus outpaced discovery of stable (i.e. repeatedly recovered) synapomorphies . Many of the analyses aimed at resolving basal titanosauriform relationships have included a substantial number of characters that were parsimonyuninformative (Table 2) , or informative only to the relationships of non-titanosauriforms such as diplodocoids. This dilution of the available synapomorphy pool developed for global sauropod analyses (e.g. Upchurch, 1998; Upchurch et al., 2004) results in reduced phylogenetic resolution and robustness relative to the original global analyses . MRCA, most recent common ancestor. MPTs, most parsimonious trees; TSFs, Titanosauriformes. Of the many cladistic analyses that have included investigation of early titanosauriform relationships in their scope, six have contributed the bulk of new characters and taxon data (Fig. 2) . These analyses show only coarse agreement in the phylogenetic relationships of basal titanosauriforms (Fig. 2) . Between two and six genera have been resolved as non-titanosaur titanosauriforms in these previous analyses (Table 2) . Brachiosaurids and titanosaurs are always united to the exclusion of Camarasaurus, and these three taxa are always united to the exclusion of Diplodocoidea (Carballido et al., 2011a) . Brachiosauridae is usually only composed of Brachiosaurus (including scorings for the now generically separate Giraffatitan; Taylor, 2009 ), but some analyses have recovered other genera (e.g. Cedarosaurus, 'Pleurocoelus') within the clade as well. Figure 3 shows a strict consensus of simplified versions of the trees (those taxa present in more than half of the six analyses) depicted in Figure 2 . This consensus cladogram fails to recover many commonly recovered sauropod clades as monophyletic, including Macronaria, Titanosauriformes, and Brachiosauridae. The base of Titanosauria is likewise unresolved, as a polytomy amongst Andesaurus, Ligabuesaurus, and Chubutisaurus. In order to explore the reasons behind this lack of resolution, one taxon at a time was removed from the matrix and the strict consensus re-computed. Most of the lack of resolution in the strict consensus appears to be the result of the unstable position of just a single taxon, Euhelopus (Fig. 3) . Removing Euhelopus from the trees yields a better-resolved cladogram more consistent with previous studies (e.g. Upchurch et al., 2004) . In this cladogram, Tastavinsaurus is recovered as the sister taxon to Titanosauriformes, in contrast to its original description as a titanosauriform (Canudo et al., 2008) . Malawisaurus is consistently recovered as a titanosaur intermediate in position between Andesaurus and more derived forms.
Many authors have published more than one iteration of a given matrix, usually varying the taxonomic content to accommodate new discoveries, with changes to characters and/or scoring in some cases (e.g. Calvo & González Riga, 2003 ; Calvo, González Riga & Porfiri, 2008; González Riga et al., 2009) . Each of these sets of analyses will be discussed together, with focus on the most recent analysis of each set that contributed substantial modification to the data matrix. For more detailed comments on previous iterations of the matrices discussed here (e.g. Upchurch, 1995 Upchurch, , 1998 ), see .
SALGADO, CORIA & CALVO (1997)
The results of allied Camarasaurus, brachiosaurids, and titanosaurs to the exclusion of diplodocoids (Fig. 2) . coined the node-based clades Titanosauriformes and Camarasauromorpha, and provided a phylogenetic definition for Titanosauria and several included clades. Their analysis included detailed descriptions of synapomorphies that have been inherited by more recent analyses. Consequently, the analysis of has served as a higher-level 'backbone' of character data, topology, and phylogenetic nomenclature that has been modified for studies of lower-level titanosauriform affinities. Several synapomorphies were cited as support for each node of , but decay indices (Bremer, 1994) were not reported. Re-analysis of the matrix of produces decay indices of 2 and 3 for Titanosauria and Titanosauriformes, respectively; all other decay indices were equal to 1. Salgado et al. (1997) included material pertaining to three non-titanosaur titanosauriforms in their analysis: Giraffatitan/ Brachiosaurus (both scored under Brachiosaurus) and Chubutisaurus. They recovered Giraffatitan and Andesaurus as the most basal titanosauriform and titanosaur, respectively, with Chubutisaurus as the sister taxon to Titanosauria. They recovered a monophyletic 'Titanosauridae' (equivalent to Lithostrotia of Upchurch et al., 2004) and Saltasaurinae, as in most subsequent titanosauriform cladistic analyses.
WILSON (2002); WILSON & UPCHURCH (2009)
The analysis of aimed to study the lower-level relationships of representatives of all major sauropod clades, including basal forms, diplodocoids, and titanosaurs and their relatives (Fig. 2) . included two non-titanosauriform titanosaurs in his analysis: Brachiosaurus (including Giraffatitan) and Euhelopus, which were recovered as successive sister taxa to Titanosauria, following Figure 2 , with their authors listed near their root. Only taxa appearing in at least half of those analyses are included here. A strict consensus of these analyses with and without Euhelopus is shown at the bottom left and bottom right of the figure, respectively. mdt, more derived titanosaurs.
( Fig. 2) . Most of the other titanosauriform nodes in this modified analysis of are robustly supported (Fig. 2) .
The relationships of most taxa included in both and the second contained characters sampled from the entire skeleton. The discussion below will focus on the latter, more comprehensive analysis. The data matrix (25 ingroup taxa, 399 characters) was re-run in PAUP* (Swofford, 2002), which produced five most parsimonious trees of tree length 752, identical to the results of Royo-Torres (2009). RoyoTorres (2009) did not present a strict consensus of these trees. I computed a strict consensus in PAUP*, which yielded a large polytomy at the base of Titanosauriformes (Fig. 2) . Royo-Torres (2009: fig. 4 .212) presented a 50% majority consensus of his five most parsimonious trees, which included a novel clade for which he coined the name Laurasiformes. Laurasiformes was defined as a stem-based taxon containing taxa more closely related to Tastavinsaurus than Saltasaurus. The existence of Laurasiformes is highly sensitive to taxon and character inclusion; the clade is absent from the strict consensus of the tree built from 25 taxa, but is present when 28 All taxa were scored on the basis of personal observation and original descriptions with the exception of Qiaowanlong, Daxiatitan, Atlasaurus, Omeisaurus, Euhelopus, and Tastavinsaurus. These latter taxa were scored on the basis of published descriptions and monographs and supplemented with photographs from colleagues (see Acknowledgements). The monophyly of each terminal taxon is justified with autapomorphies (see Appendix 4). Many terminal taxa are taxonomically simple, but some terminal taxa require further discussion (see below) because their content and/or diagnosis differ from their original or traditional definition. Likewise, two ingroup taxa are composites of several sauropod genera (Diplodocoidea and 'Saltasaurini') and one ingroup taxon contains several species (Camarasaurus); justification for these higher-level groupings is also provided below.
ALAMOSAURUS SANJUANENSIS
Alamosaurus sanjuanensis was named on the basis of a holotypic scapula and paratypic ischium from the Maastrichtian Kirtland Formation of New Mexico, USA (Gilmore, 1922) . Referred remains from Utah (Gilmore, 1946) 
BRACHIOSAURUS ALTITHORAX AND
GIRAFFATITAN BRANCAI Riggs (1903) The following features do not vary within other sauropod genera when deformation, breakage, within-individual, and within-species sources of variation are accounted for: the centra of dorsal vertebrae are broader transversely than dorsoventrally in Giraffatitan brancai, rather than subcircular in cross-section in B. altithorax; anterior caudal vertebrae are about 30% taller relative to centrum length in Brachiosaurus altithorax; transverse processes are only half of the neural spine length in the posterior dorsal vertebrae of Brachiosaurus altithorax, whereas they are subequal to neural spine length in Giraffatitan brancai (Janensch, 1950; Paul, 1988; Taylor, 2009). These three features justify the generic separation of Giraffatitan and Brachiosaurus. Consequently, the name Giraffatitan brancai will be used to refer to the hypodigm brachiosaur material from Tendaguru.
CAMARASAURUS
The genus Camarasaurus is known from dozens of skeletons found across the western USA (Ikejiri, 2005). Four species of Camarasaurus are currently recognized: Camarasaurus grandis, Camarasaurus lewisi, Camarasaurus supremus, and Camarasaurus lentus . Perhaps owing to its broad spatial distribution and the presence of four species in the terminal taxon, some characters are polymorphic for Camarasaurus in this analysis.
Where polymorphisms were present, the state present in the Gunma specimen (McIntosh et al., 1996) of Camarasaurus was favoured, because it is found stratigraphically lower (and is several million years older) than most other specimens of Camarasaurus, and so it is more likely to approximate the ancestral condition for the genus (Ikejiri, 2005).
CEDAROSAURUS WEISKOPFAE
Tidwell, Carpenter & Brooks (1999) named Cedarosaurus weiskopfae on the basis of a partial skeleton from the Early Cretaceous Cedar Mountain Formation of Utah, USA. D'Emic (in press) demonstrated that a sauropod hind limb from the Glen Rose Formation of Texas (FMNH PR 977) is referable to Cedarosaurus, so this material was included in the scores as well.
DIPLODOCOIDEA
Diplodocoidea is a diverse, geographically widespread clade that evolved alongside Titanosauriformes until the mid-Cretaceous. The phylogeny of the group is mostly based on their derived cranial anatomy, with few appendicular specializations (Whitlock, 2011) . Scoring for Diplodocoidea was mostly based on the most primitive diplodocoid, Haplocanthosaurus, or the basal-most taxon available if data were missing for that genus, following the phylogeny of Whitlock (2011). 
TITANOSAURIFORM PHYLOGENY 635
I informally refer to these taxa as 'Saltasaurini' instead of Saltasaurinae, because Saltasaurinae is a stem-based taxon and may contain some of the other terminal taxa depending on the results of the analysis. The saltasaurine status of Bonatitan (Martinelli & Forasieppi, 2004 ) remains to be adequately tested by cladistic analysis, so it was excluded from scorings for 'Saltasaurini'. Data for Neuquensaurus were based on only holotypic and definitively referred materials as outlined in D'Emic & Wilson (2011).
CHARACTERS
The data matrix includes 119 characters (Appendix 2), six of which are multistate (characters 14, 18, 32, 69, 81, 88; three character states each) and all of which were ordered. These characters were ordered because state 1 is structurally intermediate between state 0 and state 2. The analysis was also run with all characters unordered, which had little effect on the topology (see below). The distribution of characters throughout the skeleton was uneven, with more characters representing the axial and appendicular skeleton than the cranium, perhaps reflecting the paucity of skull data in the group (Fig. 4) . Previously formulated characters were selected and modified from the studies of Salgado et al. Because of the narrower taxonomic scope of the analysis presented herein, the number of states was reduced to two (14 or fewer, 15 or more).
Character state scorings were examined manually for errors in the data matrix; errors were also checked for as synapomorphy optimizations were listed. Characters were worded according to standardized cladistic 'grammar' in order to facilitate comparisons with other studies (Sereno, 2007) .
Some characters that have previously been recovered as synapomorphies of clades relevant to this analysis (e.g. Titanosauria) were excluded because they either displayed too much individual or ontogenetic variation to confidently score or were invariant amongst the ingroup or outgroup. The amount of missing data for each terminal taxon is given in Table 4 . The average amount of missing data per taxon was 42%; this ranged from 0% (Camarasaurus, Diplodocoidea) to 86% (Qiaowanlong). In addition, Omeisaurus, Giraffatitan, Phuwiangosaurus, 'Saltasaurini', and Alamosaurus had less than 20% missing data; Atlasaurus, Erketu, and Venenosaurus had more than 70% missing data. Missing data were usually a result of incompleteness of specimens, although in a few cases some data are preserved but were undescribed and could not be observed firsthand as part of this study (e.g. Atlasaurus).
TOPOLOGY
Twenty-five ingroup taxa and three outgroup taxa were scored for 119 characters (Appendix 1) in MacClade (Maddison & Maddison, 1992 ) and MESQUITE (Maddison & Maddison, 2009 ) and analysed in PAUP* (Swofford, 2002). The branch-and-bound search algorithm was used with stepwise addition and random branch swapping via the tree-bisection-reconnection algorithm. Nine equally parsimonious trees of tree length 197 were found (consistency index = 0.64, retention index = 0.80); a strict consensus of these trees is given in Figure 5 . Synapomorphies supporting a strict consensus of these nine topologies under delayed transformation (DELTRAN) optimizations are given in Appendix 3. DELTRAN optimizations are presented rather than accelerated transformation (ACCTRAN) optimizations because DELTRAN minimizes the distribution of ambiguous synapomorphies owing to missing data (Table 4) , and thus results in more phylogenetically restricted infer- Character maps for some cladistic analyses of sauropod dinosaurs. The analysis presented in this study incorporates few cranial characters, reflecting the poor fossil record for titanosauriform skulls and standing in contrast to the pattern of character distribution in Diplodocoidea. Analyses that are wider in scope such as that of have a more even distribution of characters throughout the body.
ences of character distribution when missing data are substantial. Ambiguously optimized synapomorphies because of missing data and/or character conflict are given in Tables 5 and 6 . All nodes within the ingroup are resolved with the exception of two polytomies, each involving three taxa. Pertinent phylogenetic nomenclature is listed in Table 1 .
This analysis recovered three main titanosauriform clades: Brachiosauridae, Euhelopodidae, and Titanosauria (Fig. 5) Basal (non-titanosaur) titanosauriforms were found to be diverse in this study (16 genera) , in contrast to previous studies, which recovered at most six genera in this part of the cladogram ( Table 2) . The topology shows general congruence with geological age (Fig. 6) , with basal titanosauriforms and their outgroups found in the Jurassic, basal somphospondylans in the Early and 'middle' Cretaceous, and titanosaurs mostly in the Late Cretaceous. Treating the ordered characters as unordered led to loss of all resolution within Euhelopodidae; all other relationships were identical to those recovered in the strict consensus of the nine most parsimonious trees found with ordered characters. When character transformations were unordered, the decay index of Brachiosauridae dropped from 3 to 2; all other decay indices were unaffected. 
ROBUSTNESS OF RESULTS
The robustness of the most parsimonious trees was evaluated in terms of Bremer support, also known as the decay index (the number of additional steps required for a given node to disappear from a cladogram; Bremer, 1994). Decay indices for the topology presented in Figure 5 are given in Table 7 . Decay indices were calculated in MacClade (Maddison & Maddison, 1992) by writing a 'Decay Index to PAUP' file, which was executed in PAUP* (Swofford, 2002). Almost half of the nodes (ten of 22) had a decay index equal to 1; most of these weaker nodes were within Brachiosauridae and the Euhelopodidae. Somphospondyli and Brachiosauridae are moderately supported (decay index = 3).
COMPARISONS WITH PREVIOUS ANALYSES
Below, I explore the topology presented in Figure 5 in detail, focusing on novel hypotheses of relationship presented in this analysis. Metrics and data supporting these relationships (number of additional steps required to support a given hypothesis, Templeton test statistics, synapomorphies) are given when relevant. See Templeton (1983) and for details regarding the Templeton test.
TITANOSAURIFORM OUTGROUPS
Atlasaurus is recovered as the sister taxon to Neosauropoda rather than as a brachiosaur relative as originally described (Monbaron, Russell & Taquet, 1999) . Eight additional steps are required to position Atlasaurus within Brachiosauridae, a position rejected by a Templeton test (N = 14; P = 0.0003).
Atlasaurus lacks several expected features of neosauropods and clades therein, such as mid-dorsal vertebrae with opisthocoelous centra, horizontally directed dorsal vertebral transverse processes, a ventrally expanded posterior centrodiapophyseal lamina, a process at the ventral base of the scapular blade, a single carpal, and a metacarpal I that is longer than metacarpal IV. Although brachiosaurid affinities for Atlasaurus can be ruled out, the precise phylogenetic position of Atlasaurus presented in Figure 5 should be considered preliminary, because most characters were unscored in this analysis ( 
BRACHIOSAURIDAE
This analysis recovered six taxa as brachiosaurids, more than any other analysis to date. The fragmentary and often non-overlapping anatomy of putative brachiosaurids (e.g. Cedarosaurus) has yielded limited taxonomic breadth and/or resolution for this clade in previous analyses (e.g. Upchurch et al., 2004; Rose, 2007; Ksepka & Norell, 2010) , although many taxa were suggested to be brachiosaurids without a cladistic analysis. In particular, cranial data are known for only three brachiosaurids (Abydosaurus, Europasaurus, Giraffatitan), and the only brachiosaurid for which substantial cranial and postcranial data are available is Giraffatitan. The traditional (noncladistic) content of the Brachiosauridae was maintained by this analysis (i.e. Brachiosaurus, Giraffatitan). In addition, the affinities of several putative brachiosaurids were confirmed by this analysis, including Cedarosaurus, Venenosaurus, and Abydosaurus. In contrast, some putative brachiosaurids [Atlasaurus, Sauroposeidon (including 'Paluxysaurus'), Qiaowanlong] were recovered outside the clade, and some likely brachiosaurids ('French' Bothriospondylus, Sonorasaurus) were not included in this analysis (but see 'Fragmentarily represented taxa' below). Five unambiguous brachiosaurid synapomorphies were recovered (wide supratemporal fenestrae, ventral triangular projection on anterior ramus of quadratojugal, maxillary teeth twisted axially, dorsal vertebrae with 'rod-like' transverse processes, ischium with abbreviate pubic peduncle) as well as eight more under ACCTRAN (Tables 5, 6 ). Under DELTRAN, these eight synapomorphies optimize either as synapomorphies of Giraffatitan plus more derived brachiosaurids, an autapomorphy of Giraffatitan, or as multiple gains and losses amongst various titanosauriforms.
Europasaurus was recovered as the basal-most brachiosaurid, in contrast to previous hypotheses that suggested that it was a basal macronarian (Sander et al., 2006) . Although strongly supported as a brachiosaurid, the affinities of Europasaurus within that clade are labile given the data at hand. The basal position of Europasaurus within the Brachiosauridae may be strongly influenced by missing data, because many of the synapomorphies that unite more derived brachiosaurids could not be scored for Europasaurus given that those aspects of its anatomy are unknown or undescribed (e.g. lacrimal, metatarsal IV, caudal vertebrae).
Giraffatitan and Brachiosaurus, once considered congeneric (e.g. Janensch, 1950), are recovered as successively more derived brachiosaurids in this analysis (Fig. 5) . Only a few steps are required to move Brachiosaurus into a more or less derived position within Brachiosauridae or as the sister taxon of (Fig. 5) is likewise weakly supported, with low decay indices ( Table 7) . (Table 1) labelled. Selected synapomorphies highlighting some nodes are shown. Brachiosauridae: quadratojugal with triangular ventral prong (shown here in Europasaurus), twisted maxillary teeth (shown here in Giraffatitan), bevelled distal end of metatarsal IV (shown here in Sonorasaurus). Somphospondyli: somphospondylus vertebral pneumaticity, consisting of subcentimetre and submillimetre cells and walls, respectively, that permeate the vertebra (shown here in Saruoposeidon). Euhelopodidae: cervical vertebrae with bifid neural spines, pendant cervical ribs, a thick, vertically orientated epipophyseal-prezygapophyseal lamina, a 'kinked' intrapostzygapophyseal lamina (shown here in Erketu). Titanosauria: plate-like ischium (shown here in Andesaurus). Also shown here are a short ischium (a synapomorphy of Sauroposeidon plus more derived somphospondyls) and a raised tubercle on the lateral ischium (a titanosauriform synapomorphy).
vertebral centra, and a rounded proximolateral corner of the humerus, which would be expected in a brachiosaurid. Seven and two steps are required to position Sauroposeidon within Brachiosauridae or Titanosauria, respectively, and a Templeton test rejects both hypotheses (N = 13, P = 0.006; N = 37; P = < 0.001). Tastavinsaurus is recovered as slightly more derived than Sauroposeidon at a node with a decay index of 2 (Table 7) . No support for a clade of Laurasian sauropods allied with Tastavinsaurus is found (see 'Laurasiformes' below).
EUHELOPODIDAE
The name 'Euhelopodidae' was originally employed to describe a clade containing Euhelopus and some Jurassic East Asian forms (Romer, 1956; Upchurch, 1995). Although the name 'Euhelopodidae' has been applied to clades in some studies (e.g. Upchurch, 1995; Upchurch, 1998) , it has never received a definition using phylogenetic nomenclature; only its content has been described or pointed to by labelling a cladogram. This content varies by phylogenetic analysis; Mamenchisaurus, Omeisaurus, Shunosaurus, and Euhelopus have all been considered members (see review in Herein Euhelopodidae is defined using phylogenetic nomenclature as a stem-based taxon comprising all sauropods more closely related to Euhelopus zdanskyi than Neuquensaurus australis (see Table 1 for phylogenetic nomenclature). I have chosen to define and employ Euhelopodidae herein (rather than coin and define a novel name) because (1) the name with its old definition has been in disuse for a decade; (2) If no decay index is listed for a node shown in Figure 5 , decay index = 1.
position Qiaowanlong within Brachiosauridae according to this analysis, and a Templeton test rejects such a position (N = 9, P = 0.004). (Fig. 5) . Aragosaurus and Galvesaurus were not included in this analysis because their validity and constituency were uncertain given the data at hand (see 'Relationships of fragmentarily represented taxa' below).
The features supporting the monophyly of 'Laurasiformes' in each analysis are listed in Table 8 . These features are mostly problematic in terms of definition or scoring, and revision of them erodes support for 'Laurasiformes' (Table 8) 
RELATIONSHIPS OF FRAGMENTARILY REPRESENTED TAXA
Missing data are especially problematic in some members of Titanosauriformes such as Brachiosauridae or basal Titanosauria, because in those cases the missing data often occur in non-overlapping anatomical regions amongst purportedly closely related taxa. For example, only a few preserved skulls of brachiosaurids have been found, and in other cases appendicular material has not been preserved. In this case, the disjunct distribution of missing data could support the monophyly of species with skulls on the one hand, and the monophyly of species with appendicular material on the other. As the synapomorphies supporting these clades are ambiguous because of missing data, the robustness of nodes (e.g. their decay index) is low. Furthermore, the few mostly complete taxa (e.g. Giraffatitan in the brachiosaurid case) may be simultaneously pulled towards phylogenetic relationships with several taxa by character data from different anatomical regions, depending on the data available in fragmentarily represented taxa. This 'monophyly of the preserved' at best leads to loss of robustness or resolution, and at worst can lead to spurious results. Numerous fragmentary taxa could not be included within the cladistic analysis presented above because their validity and constituency remain to be established or verified, and/or their remains do not bear enough relevant synapomorphies to nest them in lower-level clades. Discovery of synapomorphies using more informative taxa in the cladistic analysis above allows general phylogenetic statements to be made for most fragmentarily represented taxa, as shown in Table 9 . However, some basal titanosauriforms warrant further explication because of their interesting geographical location or age, their complex taxonomy, or differences between results of previous studies and those presented here. is not diagnostic , and diplodocoids and some basal titanosauriforms also have similarly slender and similarly shaped teeth . The purported titanosaur teeth could pertain to non-titanosaurs similar to Abdyosaurus or Ligabuesaurus based on their shape (Apesteguía, 2007: fig. 4) . Some of the other material referred to Amargatitanis may pertain to diplodocoids on the basis of complex neural arch lamination in the anterior caudal vertebrae (pers. observ., 2009). The titanosaur affinities of material referred to Amargatitanis cannot be substantiated at present, and its validity is questionable.
BRONTOMERUS MCINTOSHI (TAYLOR, WEDEL & CIFELLI, 2011)
Brontomerus was named on the basis of dissociated material consisting of an ilium, scapula, distal caudal vertebra, ribs, and other fragmentary bones (Taylor et al., 2011: (2) there is substantial size variation amongst the known elements in the quarry, and (3) no elements from the quarry overlap with the holotype (an ilium), referral of material from the holotypic quarry to Brontomerus is weak. Thus, the diagnosis of the species rests on the holotypic ilium (Taylor et al., 2011) . Five autapomorphies were presented for the holotype of Brontomerus: (1) ischial peduncle reduced to very low bulge; (2) preacetabular lobe directed anterolaterally but not curved; (3) ilium height 52% of total length; (4) preacetabular lobe 55% of total ilium length; (5) postacetabular lobe reduced to near absence. The first two characters are present in a variety of taxa (e.g. Tastavinsaurus, Royo-Torres, 2009; Giraffatitan, Janensch, 1961).
The latter three characters cannot be evaluated in Brontomerus because the postacetabular process is broken -although Taylor et al. (2011: 81) described this as a 'genuine osteological feature not related to damage', it is clear that this margin is not complete, and the reconstruction of the posterior curvature of the ilium is arbitrary. When reconstructed with a postacetabular process similar to that in other sauropods, the ilium of Brontomerus is similar to those of brachiosaurids (e.g. Giraffatitan, Janensch, 1961: pl. E). Because of its problematic diagnosis, Brontomerus mcintoshi represents a nomen dubium. Some of the material referred to Brontomerus by Taylor et al. (2011) appears to pertain to Titanosauriformes based on the presence of pneumatic dorsal ribs or coarse camellate vertebral pneumaticity. Table 9 . Age, provenance, and taxonomic assignment of 40 fragmentary basal titanosauriform-basal titanosaur sauropods. Numbers refer to characters (Appendix 2) supporting and refuting higher-level assignments (Appendix 4) that were recovered as synapomorphies under delayed transformation. An exclamation mark before a clade name means that the genus probably does not belong to that clade based on the absence of some synapomorphies; those characters are also preceded by an exclamation mark. When affinities with more than one clade are suggested, the largest encompassing clade is listed The lower-level phylogenetic relationships of Galvesaurus were sensitive to taxon sampling in the cladistic analyses of Barco (2009). The constituency and a consensus on the phylogenetic affinities of Galvesaurus await further discoveries, but the material from Villar del Arzobispo appears to pertain to Titanosauriformes based on a few features such as elongate cervical vertebrae and middle caudal vertebrae with anteriorly set neural arches (Appendix 3). The gracility and rounded proximolateral corner of the humeri suggest possible brachiosaurid affinities for those bones.
'IUTICOSAURUS' VALDENSIS (LE LOEUFF, 1993)
Iuticosaurus was named on the basis of two procoelous caudal vertebrae (NHMUK R151, lectotype and R146a, paralectotype; Upchurch, Mannion & Barrett, 2011) and a third specimen (NHMUK R1886) that was later referred (Le Loeuff, 1993). These specimens probably come from the Barremian Wessex Formation (Upchurch et al., 2011) . Although 'Iuticosaurus' is regarded as a nomen dubium, its phylogenetic status is still of importance because of its early age and purported titanosaur affinities. However, the titanosaur affinities of 'Iuticosaurus' are problematic. Le Loeuff (1993) interpreted the holotype of Iuticosaurus to represent a middle caudal vertebra with autapomorphically long postzygapophyses. Reinterpreted as a more distal caudal vertebra based on its elongation, the postzygapophyses of Iuticosaurus (NHMUK R151) are normal and its procoely is shared with some non-titanosaurs (e.g. Giraffatitan HMN MB.R.5000, Janensch, 1950: pl. IV; on the basis of its robust forelimb bones and a raised ulnar olecranon process. However, similarly robust bones and a raised olecranon are found in some non-titanosaurs or non-titanosauriforms such as Tehuelchesaurus according to this analysis, and these features were not found to be titanosaur synapomorphies in this study.
Likewise, Royo-Torres & Cobos (2009) presented evidence that some material referred to Janenschia pertains to non-neosauropods. Furthermore, several features of Janenschia are inconsistent with its placement within Titanosauria, Somphospondyli, or even Titanosauriformes: ulnar proximal arms subequally developed, the lack of an embracing proximal tibia and fibula, and a divided posterior fossa on the astragalus (Appendix 3). Curry Rogers (2005) included Janenschia in a cladistic analysis of titanosaurs, but a strict consensus of those results did not resolve its relationships amongst titanosauriforms. The only other cladistic analysis that included Janenschia recovered it as a non-titanosaur (Carballido et al., 2011b) . The titanosaur affinities of Janenschia cannot be substantiated at present.
MONGOLOSAURUS HAPLODON (GILMORE, 1933)
Mongolosaurus was collected from the Early Cretaceous of China and is based on fragmentary teeth, part of a basicranium, and three vertebrae. Wilson (2005) and Mannion (2011) established the validity of Mongolosaurus on the basis of several features, and both studies suggested that it was a titanosaur. In contrast, as noted by Wilson & Upchurch (2009) , Mongolosaurus shares some features with Erketu, a Cretaceous East Asian sauropod outside of Titanosauria: tall, pillar-like epipophyses and an elongate axis with a tall ventral keel. Mongolosaurus possesses bifid neural spines as in all East Asian Cretaceous titanosauriforms (see below). These three features suggest euhelopodid affinities for Mongolosaurus, in contrast to the 11 features suggesting titanosaur affinities proposed by Mannion (2011). However, many of the 11 characters proposed by Mannion (2011) deal with parts of the skull that are unknown in almost all euhelopodids, making these comparisons equivocal. Furthermore, some cranial 'titanosaur' features proposed by Mannion (2011) have a broader distribution amongst sauropods. For example, mesial and distal tooth carinae and D-shaped cross-sections are features of the teeth of the non-titanosaur Phuwiangosaurus (pers. observ.), and variability in tooth shape between upper and lower jaws is also present in the brachiosaurid Abydosaurus . In sum, Mongolosaurus displays a mix of features that suggest titanosaur or euhelopodid affinities.
OTHER EAST ASIAN CRETACEOUS SAUROPODS
In the last decade, reports of new species in the Cretaceous of East Asia are on a par with those of the rest of the world combined (Mannion, 2011) . Few of these new genera have been placed into a phylogenetic context via cladistic analysis, obfuscating their significance in overall sauropod evolution. Suggestions that some of these species form a clade have been made (Xu et al., 2006; Wilson & Upchurch, 2009) but no cladistic analysis has found support for a large clade of East Asian Cretaceous sauropods prior to the results presented herein. In addition to the six East Asian Cretaceous taxa recovered as a clade in this analysis (Fig. 5) , several taxa bear features recovered as euhelopodid synapomorphies in the analysis presented herein (Baotianmansaurus, Dongyangosaurus, Huabeisaurus, Mongolosaurus; Table 9 ). Other genera may belong to Euhelopodidae, but euhelopodid synapomorphies are not evident in them given the data at hand (Fukuititan, Gobititan, Huanghetitan liujiaxiaensis, 'Huanghetitan' ruyangensis, Jiutaisaurus, Pukyongosaurus, Ruyangosaurus; Table 9 ).
Still other Cretaceous East Asian genera appear to lie outside Euhelopodidae because they lack euhelopodid synapomorphies and possess synapomorphies of Titanosauria and clades therein. These genera include Opisthocoelicaudia, Nemegtosaurus, Jiangshanosaurus, Sonidosaurus, Qingxiusaurus, and Xianshanosaurus (Table 9) . Importantly, all Cretaceous East Asian sauropods with preserved cervical vertebrae have bifid cervical neural spines. East Asia is an important area of future study for early titanosauriform evolution. Future research into the many fragmentarily represented Cretaceous genera will be likely to yield a core of euhelopodid taxa as well as an assemblage of more derived forms. Key to resolving the place of East Asian titanosauriforms in sauropod evolution will be taxonomic revision of several fragmentarily represented genera as well as the establishment of more precise geological ages in various basins.
Grellet a similarity to Diamantinasaurus); (2) prominent deltopectoral crest 'merges mid-shaft at its narrowest level' (cited as a similarity to Phuwiangosaurus), (3) deltopectoral crest 'reduced to a low rounded ridge' (cited as a similarity to Rapetosaurus and to Saltasaurinae), (4) head of humerus projects above deltopectoral crest margin (citied as a similarity to Diamantinasaurus), and (5) two longitudinal fossae on the posterior face of the femur, one around midlength and one near the distal condyles (cited as a similarity to Diamantinasaurus) (Grellet-Tinner et al., 2011: 625-626). Re-examination of these similarities indicates that none of them can be used to refer the embryo to Lithostrotia -these features are found in an array of more basal titanosauriforms. The complex history of the genus 'Pelorosaurus' is discussed elsewhere (Naish & Martill, 2001; Upchurch et al., 2004) . 'Pelorosaurus' becklesii comes from the Barremian Wessex Formation, UK, and consists of a humerus, radius, ulna, and some skin impressions. Upchurch (1995) suggested that 'Pelorosaurus' becklesii was an early titanosaur on the basis of its proximally curved anteromedial process of the ulna and the presence of polygonal plates similar to those of the titanosaur Saltasaurus in its skin. However, a similarly curved anteromedial process of the ulna and raised olecranon process are also found in non-titanosaurs (e.g. Giraffatitan, Sauroposeidon; pers. observ. of YPM 326, a cast of 'Pelorosaurus' becklesii; Fig. 7 ) and should not be treated as a titanosaur synapomorphy in the absence of a cladistic analysis. Since the assessment of Upchurch (1995) , similar polygonal dermal patterns have been reported in non-titanosaurs (e.g. Tehuelchesaurus, Giménez, 2007) . Furthermore, 'Pelorosaurus' becklesii lacks one unambiguous synapomorphy of the clade uniting Chubutisaurus + Titanosaura: an undivided notch on the humeral radial condyle. 'Pelorosaurus' becklesii probably represents a titanosauriform on the basis of the anteromedial arm of the ulna being much longer than its anterolateral arm, but its titanosaur affinities cannot be substantiated at present.
SONORASAURUS THOMPSONI (RATKEVITCH, 1998)
Sonorasaurus was originally described as a brachiosaurid and is important because of its Albian-?Cenomanian age, which would be on a par with the youngest known North American sauropods before the start of the 'sauropod hiatus' (Lucas & Hunt, 1989; Ratkevitch, 1998) . Sonorasaurus is represented by a somewhat fragmentary partial skeleton, which includes presacral and caudal vertebrae and some limb elements. Sonorasaurus is a titanosauriform on the basis of semicamellate presacral vertebral pneumaticity, middle caudal vertebrae with neural arches set on the anterior half of the centrum, anterior-middle caudal vertebrae with posteriorly projecting transverse processes, metacarpal I with an undivided distal condyle that is perpendicular to the shaft, metacarpals with reduced or absent distal articular facets, and a fibula that lacks a corrugated subtriangular proximal scar (Appendix 3).
Brachiosaurid affinities are supported for Sonorasaurus on the basis of metatarsal IV bevelled distally and metatarsal IV with a medial embayment on proximal end (Appendix 3). Previous hypotheses for brachiosaurid affinities for Sonorasaurus were based on its elongate forelimb bones (Ratkevitch, 1998) fig. 38 ) and the node supporting Wintonotitan and other titanosauriforms had a decay index of 2 in each analysis. The results of the present analysis suggest that Wintonotitan is a titanosauriform on the basis of reduced metacarpal phalangeal articular facets (Appendix 3), but more precise knowledge of its affinities await future discoveries and studies. (1) Fig. 6 ; Table 8 ). These taxa appear to be lithostrotians, yet they pre-date or are the same age as the relatively more basal Albian-Cenomanian titanosaur Andesaurus, which suggests an earlier origin for Titanosauria. Furthermore, the Barremian-Aptian (c. 128-112 Mya) age for these oldest titanosaurs is far younger than the Middle Jurassic (Bathonian, c. 163 Mya) age of origin for Titanosauria inferred from wide-gauge track-ways in Oxfordshire, UK (Day et al., 2002 (Day et al., , 2004 . That inference was based on the proposal by Wilson & Carrano (1999) that wide-gauge track-ways were produced by titanosaurs. In turn, wide-gauge track-ways are thought to have been produced by titanosaurs because those clades bear synapomorphies in the limbs inferred to produce such a track-way, including a proximomedially deflected femur with a proximolateral bulge, an eccentric femoral cross-section, and a distally bevelled femoral condyles (Wilson & Carrano, 1999 al., 1994) , as well as the Middle Jurassic of Oxfordshire as mentioned above (Day et al., 2002 (Day et al., , 2004 ).
An alternative explanation to the inference of a ghost lineage for Titanosauria into the Middle Jurassic would be that the anatomical features required to produce a wide-gauge track-way were present in nontitanosaurs as well. Wilson & Carrano (1999) noted that one of the features hypothesized to be related to wide-gauge track-making -a proximolateral femoral TITANOSAURIFORM PHYLOGENY 651 bulge -is present in Late Jurassic non-titanosaur titanosauriforms such as Brachiosaurus. The study presented herein recovers that feature as a synapomorphy of Tehuelchesaurus + Titanosauriformes, a clade whose earliest members are Late Jurassic in age (Fig. 6) . In addition, although titanosaurs have more eccentric femoral cross-sections on average than other sauropods (Wilson & Carrano, 1999 : table 2) , some Late Jurassic non-titanosaurs have femoral cross-sections similar to those of titanosaurs (e.g. Giraffatitan and Neuquensaurus, ratio of transverse width/anteroposterior breadth of midshaft > 2; Janensch, 1961; pers. observ.). The exact morphology required to produce a wide-gauge track-way (e.g. how prominent a proximolateral femoral bulge or eccentric a femoral shaft needs to be) is ambiguous at present. Therefore, wide-gauge track-ways should not necessarily be ascribed to titanosaurs -they may pertain to members of a more inclusive clade such as Titanosauriformes.
One other feature has been used to link the Oxfordshire track-ways to titanosaurs. Day et al. (2002 Day et al. ( , 2004 suggested that the absence of a pollex claw impression in Middle Jurassic wide-gauge track-ways from Oxfordshire, UK, indicated that the track-maker was a titanosaur in that case. In contrast, other Jurassic wide-gauge track-ways (Lockley et al., 1994; Santos et al., 1994) do possess a prominent pollex claw impression. Narrow-gauge track-ways from Oxfordshire, probably made close to the same time as the wide-gauge track-ways (Day et al., 2002; , do possess prominent pollex claw impressions, suggesting that these features were preservable by the substrate. However, even narrow-gauge sauropod track-ways commonly do not possess a pollex claw impression for taphonomic or perhaps behavioural reasons (Santos et al., 1994; Wilson & Carrano, 1999) . Such preservational problems could explain the absence of a pollex claw impression in the Oxfordshire wide-gauge track-ways. Indeed, the Oxfordshire widegauge track-way lacks the pronounced heteropody and pedal claw impressions generally observed in sauropod track-ways (compare Day et al., 2002: fig. 1 with Lockley et al., 1994: fig. 2 ). The lack of heteropody is either the result of a true, aberrant morphology for the Oxfordshire wide-gauge track-maker or a preservational problem. If nonpreservation is indeed responsible for the absence of half of the pes impression, then the absence of a pollex claw impression might equally be explainable by nonpreservation. Another possibility is that the wide-gauge, pollux-less track-ways in Oxfordshire represent a currently unknown type of Middle Jurassic sauropod that lost manual phalanges independently of titanosaurs. As the absence of a pollex claw on the Oxfordshire track-ways is ambiguous, they do not demonstrably represent Middle Jurassic titanosaurs. Based on the evidence at hand, the earliest titanosaurs are known from the Early Cretaceous.
PALAEOBIOGEOGRAPHICAL IMPLICATIONS
During the Early Cretaceous, different titanosauriform clades became predominant on different continents -brachiosaurids in North America, euhelopodids in Asia, and titanosaurs in Gondwana and Eurasia (Fig. 8) . The appearance of these three clades outside of their main geographical areas probably represents cases of dispersal, such as for somphospondylans in North America (Sauroposeidon, D'Emic, in press) or titanosaurs in Laurasia (e.g. many 'middle' Cretaceous taxa overlap given their current age uncertainty (Fig. 6) .
The revised picture of titanosaur origins presented in this study prompts reappraisal of their possible vicariant origins related to the break-up of Pangaea Table 9 ). Other Laurasian titanosaurs are latest Cretaceous in age and seem to have dispersed from Gondwana, as they are nested within Gondwanan clades (e.g. Opisthocoelicaudia and Alamosaurus). Confirmation of a dispersal origin for these and other Late Cretaceous Laurasian titanosaurs awaits a cladistic analysis that incorporates more titanosaurs and more precise age dates. Basal titanosaurs (Andesaurus, Malawisaurus) and their closest outgroup (Chubutisaurus) appear in the Early Cretaceous of Gondwana, suggesting a Gondwanan origin for the group ( Fig. 6; Table 9 ). However, the geologically oldest known titanosaurs are BarremianAptian forms: Jiangshanosaurus from China, NHMUK 5333 (middle caudal vertebrae) from the UK, Malawisaurus from Malawi, and Tapuiasaurus from Brazil (Table 9) . These genera all appear to be derived members within Titanosauria (i.e. lithostrotians), suggesting that the clade had achieved a wide geographical distribution well before the Aptian. 
CONCLUSIONS
This study has presented a cladistic analysis focusing on the early members of the Titanosauriformes, a widespread and long-lived clade of sauropod dinosaurs. The analysis yielded a nearly fully resolved cladogram for 25 ingroup taxa; many of the relationships hypothesized herein are novel. Titanosauriformes is composed of three main clades: Brachiosauridae, Euhelopodidae, and Titanosauria. The Jurassic members of Titanosauriformes, Brachiosauridae, and outgroups to Titanosauria are found on various continents. In contrast, Cretaceous brachiosaurids were restricted to North America and euhelopodids predominated in Asia. Brachiosauridae and Euhelopodidae are currently known from about ten genera each, whereas Titanosauria is several times more diverse. Previous claims for a Middle or Late Jurassic origin for Titanosauria have been refuted by new data and this analysis. The earliest known titanosaurs are Barremian-Aptian-aged genera and are found on several continents, and these represent derived forms (lithostrotians), highlighting the need for new earliest Cretaceous discoveries for understanding the enigmatic origin of Titanosauria. 1 1 1 2 1 1 1 1 0 1 1 1 1 1 1 1 ? ? 1 1 0 1 1 1 1 1 1 1 1 0 1 1 1 0 1 'Saltasaurini' 0 1 1 1 1 1 1 ? ? ? ? ? 0 ? 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 1 ? 
